I. INTRODUCTION
Semimetal bismuth (Bi), which has a highly anisotropic Fermi surface originating from its rhombohedral crystal structure, has attracted considerable research interest owing to its unusual intrinsic properties such as a small band overlap (38 meV), 1 small effective mass ($0.001 m e ), 2 long mean free path ($1 mm), 3 and large Fermi wavelength ($70 nm). 4 These properties lead to unique transport phenomena in nanostructured Bi, including a large magnetoresistance, 5, 6 a bipolar electrical resistivity, 7, 8 and conductive surface states. 9, 10 In particular, the single-crystalline Bi nanowire has been considered as a promising thermoelectric material owing to its unusual properties, which cause a quantum-size effect to occur easily compared with conventional metals. 11, 12 The thermoelectric property can be determined as the thermoelectric figure of merit (ZT ¼ S 2 rT/j), where T is the temperature, r is the electrical conductivity, S is the Seebeck coefficient, and j is the thermal conductivity. 13 The highly anisotropic Fermi surface of Bi leads to anisotropy in the thermoelectric-transport properties, and these phenomena were intensively investigated in bulk single crystals and single-crystalline thin films. [14] [15] [16] For nanowires, although it is expected that the anisotropic transport can be observed clearly according to the crystal orientation of the growth direction owing to the one-dimensional carrier transport, systematic investigation is considerably challenging because the crystal orientation of Bi nanowires is limited by the growth method. 17 Single-crystalline Bi nanowires grown using anodic aluminum-oxide templates and the Ulitovsky method were found to be grown along the [101] and [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] directions, respectively, in a hexagonal lattice. 18, 19 Therefore, the transport properties were measured along only one crystal orientation in each study. 3, 7, 20, 21 On the other hand, single-crystalline Bi nanowires with different crystal orientations can be grown by the on-film formation of nanowires (OFFON) method, and the anisotropy in the thermal conductivity was revealed in our previous study. 22 In the present work, we studied the electrical conductivity and Seebeck coefficient of individual single-crystalline Bi nanowires grown along the [100] and [-102 ] directions using the OFFON method. The anisotropy in the electricaltransport properties was systematically investigated and that in ZT was estimated using our previously reported thermalconductivity data. 22 This is the first report of the anisotropy in all the thermoelectric-transport properties and the ZT in single-crystalline Bi nanowires grown with different crystal orientations using the same method.
II. MATERIALS AND METHODS

A. Materials and characterization
Single-crystalline Bi nanowires were grown using the OFFON method, which involves the spontaneous growth of nanowires on films based on the thermal expansion mismatch between the Bi film and the substrate due to the thermally induced stress during annealing. 6 The Bi films (<50 nm) were deposited on a SiO 2 /Si substrate by using an ultrahigh-vacuum (UHV) sputtering system (<44 Å Ás À1 at 2 mTorr Ar gas). To grow the nanowires on the films, an in situ annealing process was conducted using an UHV furnace (5 h at 250 C). The diameter and length of the nanowires depended on the thickness of the film and the annealing time, respectively. 6 Figures 1(a) and 1(b) show low-magnification a)
Author to whom correspondence should be addressed: wooyoung@ yonsei.ac.kr and high-resolution transmission electron microscopy (TEM) images of a Bi nanowire, respectively. A selected-area electron diffraction (SAED) pattern obtained from the nanowire reveals the crystal orientation along the [-102 ] direction, as shown in Fig. 1 (c) (tilted at an angle of 10.85 with respect to the trigonal axis). Another major crystal orientation of Bi nanowires grown using the OFFON method is the [100] direction (trigonal axis), which was obtained from a sample sliced normal to the growth direction by a focused ion beam [ Fig.  1(d) ]. 17 The crystal orientations of the nanowires are shown in the hexagonal lattice system of Bi in Fig. 1(e) .
B. Device fabrication
Figure 2(a) shows a thermoelectric device based on an individual single-crystalline Bi nanowire. The device consists of five different electrodes, a micro-heater, a near thermometer (TM), a far TM, and resistance leads 1 and 2, which were fabricated using a typical electron-beam lithography technique and a UHV sputtering system. To obtain an Ohmic contact between the nanowire and electrodes, the oxide layer on the surface of the Bi nanowire was removed before the deposition of electrodes (Cr/Au, 5/200 nm) by Ar plasma etching using an inductively coupled plasma etching system. The device fabrication is described in detail elsewhere. 8, 10, 12 In this study, thermoelectric devices with 67, 92, and 156-nm-diameter Bi nanowires grown along the [-102] direction and 65, 88, and 15-nm-diameter nanowires along the [100] direction were fabricated.
C. Measurement technique
The thermoelectric-transport properties (r, S) were measured by the device using the five electrodes. The electrical conductivity was obtained using the four-probe measurement technique to determine the absolute resistance of the nanowire without a contact resistance between the nanowire and electrodes. The near TM, the far TM, lead 1, and lead 2 were used as the four terminals for the four-probe measurement. The conductivity of the nanowire was converted from the obtained resistance according to the dimensions of the nanowire. For the measurement of the Seebeck coefficient, a temperature gradient was generated by using the micro-heater. The Joule heating (P H ) induced by the heater depended on the square of the heater voltage (V H ) and the resistance of the heater (R H ), according to the relationship Therefore, the Seebeck voltage between the near and far TMs (DV) was proportional to the square of the heater voltage, as shown in Fig. 2(b) . The resistances of the two TMs obtained as voltage signals by using the four-probe technique were also parabolic with respect to the heater voltage because the temperature coefficient of resistance (TCR) of Au is linear in the temperature range used in this measurement [ Fig. 2(c) ]. To convert the TM voltages to temperatures of each TM, the measurement was performed at two different surrounding temperatures, i.e., the TCR of each TM was obtained, and the TM voltages were calibrated to the temperature difference between the two TMs (DT). Finally, the Seebeck coefficient of the nanowire was obtained using the relationship S ¼ DV/DT. The measurement technique for the Seebeck coefficient in the nanowire is described in detail elsewhere. 8, 23 
III. RESULTS AND DISCUSSION
A. Anisotropic band structure of Bi
The asymmetry in the crystal structure of Bi leads to the anisotropic band structure as shown in Fig. 3(a) . A large pocket of holes is along the trigonal axis at the T-point of the Brillouin zone of Bi. Three identical small pockets of electrons are tilted with respect to the bisectrix axis at about 6 at L-points. 4 The anisotropic band structure of Bi can be determined from the effective mass components of the Fermi pockets as given in Table I . 24 In Table I , the three principal axes (trigonal, binary, and bisectrix) indicate nanowire directions, and the mass component along the nanowire direction of each pocket is denoted by m z . Figure 3 (b) shows the schematic of the Bi band structure. In bulk Bi, the valence band at the T-point and conduction band at the L-point overlap slightly, resulting in the semimetallic characteristics. 11 The dispersion relation for the L-point sub-bands is given by
where DE g,L , h, and k are the band gap energy of L-point subbands, reduced Plank's constant, and wavenumber, respectively. 2 The þ and À signs indicate the valence and conduction bands at the L-point, respectively. In the nanowire grown along the z direction, the quantum-size effect due to the reduction in the diameter confines the carriers along the x and y directions. The band gap energy of L-point sub-bands of Bi nanowires can be expressed as
where d is the nanowire diameter. Therefore, the quantumsize effect in z-oriented nanowires is determined by mass components m x and m y , and the change in the band structure is inversely proportional to the average of the mass components,m ¼ 2m x m y = m x þ m y ð Þ , of each Fermi pocket. It was noted that the critical diameter at which the band overlap energy becomes zero is determined by the largestm of the three electron pockets. The largestm of three-electron pockets at L-points are calculated to be 0.0024 m 0 , 0.0046 m 0 , and 0.0031 m 0 for the nanowires grown along trigonal, binary, and bisectrix axes, respectively, using the mass components in Table I . Therefore, the change in the band structure caused by the decrease in the diameter due to the 2017) quantum-size effect is the largest in the trigonal Bi nanowire and smallest in the binary nanowire. for 150-, 88-, and 65-nm-diameter [100] nanowires, respectively. In the diameter range of 50 to 200 nm, the electrical conductivity of Bi nanowires decreased with decreasing temperature. 8 In the six nanowires used in this study, however, it is difficult to observe a clear diameter dependence for both directions because of the limited number of samples. In particular, the difference in the electrical conductivity measured from different samples increased sharply up to five-times below 100 nm, and more than 20 samples were used to determine the accurate diameter dependence of electrical conductivity in Bi nanowires. 8 Moreover, since the anisotropy in the conductivity obtained from the bulk crystals was found to be less than about 15% (7.4 Â 10 5 X À1 Ám À1 along the [001] direction and 9.1 Â 10 5 X À1 Ám À1 normal to the [001] direction), 15 it was difficult to observe the anisotropy from the measured conductivity values.
On the other hand, the temperature-dependent behavior of electrical conductivity showed clear diameter dependency regardless of the growth and device fabrication methods. 17 Therefore, the values of electrical conductivity were normalized by the room-temperature conductivity for comparison [ Fig. 4(a) ]. In both directions, the temperature dependence of the electrical conductivity varied from metallic to semiconducting as the diameter decreased, which agrees well with the results of a previous study. 8 Generally, the electrical conductivity in metals increases as the temperature decreases, which is attributed to the temperature dependence of carrier mobility. However, in semiconductors, the decrease in the carrier density results in the decrease in the electrical conductivity with decreasing temperature. In semimetal Bi, the two aforementioned characteristics coexist because of the small carrier density (3.0 Â 10 18 cm
À3
), 1 and the electrical conductivity is determined by the competition between temperature dependences of the carrier mobility and density. 8 As the diameter decreases, the mobility contribution to the temperature-dependent conductivity decreases owing to the carrier surface scattering caused by the classical size effect. 10 Furthermore, the decrease in the band overlap energy caused by the quantum-size effect increases the effective mass of electrons and decreases the carrier density, resulting in the semiconducting characteristics with the decreasing diameter. 12 As described above, the decrease in the band overlap energy due to the quantum-size effect depended on the crystal orientation of the nanowire and was calculated to be most significant along the [001] direction and least along the normal to the [001] direction. 24 Therefore, the electrical conductivity of the 67-nm-diameter [-102] nanowire decreases more sharply compared to that of the 65-nm-diameter [100] nanowire. In two-band systems such as semimetal Bi, the Seebeck coefficient is defined as follows: r 2 ) , where the subscripts 1 and 2 indicate two sub-bands. 25 The weighting factors, i.e., the partial electrical conductivities of each band, determine the contribution of the partial Seebeck coefficient to the total Seebeck coefficient. In Bi, the total Seebeck coefficient is considerably sensitive to the weighting factors because the partial Seebeck coefficients of the valence band at the T-point (hole) and conduction band at the L-point (electron) are positive and negative, respectively. 7, 26 Therefore, the change in the electrical-transport properties caused by the diameter decrease due to the quantum-size effect lead to the variation in the Seebeck coefficient. However, in the [-102]-oriented nanowires, the absolute values of the Seebeck coefficient increased without the diameter dependence as the temperature neared 100 K, while the [100]-oriented nanowires showed a linear temperature dependence and a clear diameter dependence, as reported in a previous study. 8 This can be attributed to the anisotropic band structure of Bi. The carrier mobility, which determines the weighting factor of the partial Seebeck coefficient, is proportional to the carrier mean free path ' and reversely proportional to the carrier effective mass m Ã (l / '=m Ã ). Therefore, when the difference between effective masses of the hole and electron is large, the difference between the hole and electron carrier mobilities becomes sensitive to '. In contrast, the difference between the mobilities is sensitive to m Ã when the difference in effective masses is small. The effective masses of holes along the nanowire direction (m z,T ) is 0.634 m 0 and 0.059 m 0 for the trigonal and binary directions, respectively (Table I ). The average effective masses of three pockets was calculated to be 0.0017 m 0 and 0.0012 m 0 for the trigonal and binary directions, respectively, by using Matthiessen's rule (m z;L ¼ 1=ðð1=m z;L1 Þ þ ð1=m z;L2 Þ þð1=m z;L3 ÞÞ). The difference between the hole and electron carrier effective masses is about 10 times larger in the trigonal direction than that in the binary direction. Therefore, the total Seebeck coefficient is sensitive to ' as it approaches the trigonal direction, and it is more sensitive to the effective mass as it approaches the binary direction. Thus, [100]-oriented nanowires show a clear diameter dependence due to the increase in the effective mass caused by the change in the band structure, 12 compared to the nanowires with the zindex as shown in Fig. 4(c) . 7, 8, 27, 28 In the case of the [-102]-oriented nanowire, the Seebeck coefficient increases with decreasing temperature because the effect of temperaturedependent ' on mobility is larger in electrons than in holes.
D. Power factor
The power factor of the [-102 ] and [100]-oriented Bi nanowires, which indicates the electrical thermoelectric performance of materials and is proportional to the electrical conductivity and the square of the Seebeck coefficient (S 2 r), is presented in Fig. 5(a) . For the [-102 ] nanowires, the power factor was optimized in the low-temperature region, where the increase in the Seebeck coefficient was observed. However, for the [100] nanowires, the power factor was maximized at 300 K owing to the linear temperature dependence of the Seebeck coefficient. Moreover, a clear diameter dependence was observed, as indicated by the Seebeck coefficient. However, the diameter dependence of the electrical conductivity dominated that of the power factor. In particular, the 65-nm nanowire showed a significantly small power factor compared with the others owing to the semiconducting transport characteristics.
E. ZT estimation
Finally, the anisotropy of the thermoelectric figure of merit was investigated. To estimate the ZT according to the obtained power factor, the thermal-conductivity data for single-crystalline Bi nanowires grown by an identical method were taken from our previous study on the anisotropy in the thermal conductivity. 22 In the previous study, although the diameter-dependent thermal conductivity was fully investigated at 300 K in the diameter range wherein the power factor was obtained, few nanowires were measured over the full temperature range (30-300 K). Therefore, the ZT values of the 67-nm-diameter [-102]-and 88-nm-diameter [100]-oriented nanowires were estimated in the full temperature range, but those of the other nanowires were obtained at 300 K, as shown in Fig. 5(b) . Except for the 65-nm nanowire, which showed a significantly low electrical conductivity, in the measured temperature range, the ZT was higher in the [100]-oriented nanowires than in the [-102 ] nanowires. This is attributed to not only the anisotropy in the power factor but also the thermal conductivity: the thermal conductivity of the [-102]-oriented nanowires was 4-fold higher than that of the [100] nanowires at the same diameter. 22 Although the anisotropic thermal conductivity was also observed in bulk crystals along the directions parallel and perpendicular to the trigonal direction, the temperature-dependent thermal conductivity in nanowires showed a trend opposite to that observed in the bulk. 15, 22 This indicates that phonon surface scattering is significant in thermal conductivity as well as carrier surface scattering in nanowires. 22 Therefore, the deviation in the thermal conductivity between the [-102]-and [100]-oriented nanowires may be due to different phonon surface scattering parameters along the two directions originating from the highly anisotropic crystal structure. 22 The enhancement of the power factor in the low-temperature region can increase the ZT of 92-and 156-nm-diameter [-102]-oriented nanowires. However, it is expected that the optimized ZT cannot exceed that of the [100] nanowires, owing to the high thermal conductivity of the [-102] nanowires.
IV. CONCLUSION
We observed the anisotropy in the thermoelectrictransport properties of single-crystalline Bi nanowires grown along the crystal orientations of the [-102 ] and [100] directions using the OFFON method. The electrical conductivity and Seebeck coefficient of the Bi nanowires were measured with respect to the temperature on Si/SiO 2 substrates using a typical electron-beam lithography technique. Diameter-dependent properties were observed in two different growth directions. To evaluate the thermoelectric performance, the ZT of the nanowires was estimated using our previously reported thermal conductivity data obtained from nanowires grown by using an identical method. The temperature dependence in electrical conductivity exhibited a significant diameter dependence in both directions, and significant anisotropy was observed in the Seebeck coefficient. Moreover, the thermoelectric power factor showed anisotropy, and the estimated ZT indicated that the [100]-oriented Bi nanowires are more suitable for thermoelectric applications than the [-102 ] nanowires. This is the first report of the anisotropy in all the thermoelectric-transport properties in single-crystalline Bi nanowires with different crystal orientations grown by the same method.
